Smoke from biomass fuels is a risk factor for pneumonia, the leading cause of child death worldwide. Although particulate matter (PM) is the metric of choice for studying the health effects of biomass smoke, measuring children's PM exposure is difficult. Carbon monoxide (CO), which is easier to measure, can be used as a proxy for PM exposure. We measured the exposure of children r5 years of age in The Gambia to CO using small, passive, color stain diffusion tubes. We conducted multiple CO measurements on a subset of children to measure day-to-day exposure variability. Usual CO exposure was modeled using a mixed effects model, which also included individual and household level exposure predictors. Mean measured CO exposure for 1181 children (n ¼ 2263 measurements) was 1.04 ± 1.46 p.p.m., indicating that the Gambian children in this study on average have a relatively low CO exposure. However, 25% of children had exposures of 1.3 p.p.m. or higher. CO exposure was higher during the rainy months (1.33±1.62 p.p.m.). Burning insect coils, using charcoal, and measurement done in the rainy season were associated with higher exposure. A parsimonious model with fuel, season, and other PM sources as covariates explained 39% of between-child variation in exposure and helped remove within-child variability.
Introduction
Nearly one-half of the world's population and 80% of the population of sub-Saharan Africa use biomass fuels and coal for cooking . When burned in suboptimal conditions, these fuels emit high concentrations of healthdamaging pollutants, including particulate matter (PM) and carbon monoxide (CO). Women and young children may spend hours close to cooking fires, and hence have high exposures . Exposure to biomass and coal smoke leads to a range of adverse health outcomes including child pneumonia, the leading cause of child death worldwide (Dherani et al., 2008; Black et al., 2010) .
Data on personal exposure to pollutants in biomass smoke are necessary for analysis of association with disease outcomes, but has been measured or estimated in few studies (Ezzati et al., 2000; Naeher et al., 2001; Balakrishnan et al., 2002; Bruce et al., 2004; Dasgupta et al., 2006; Mestl et al., 2007; Dionisio et al., 2008; McCracken et al., 2009) . In particular, a metric of usual exposure is desired because exposure may vary from day to day and health effects may depend on cumulative exposure. Measuring personal exposure also allows for assessing its seasonality and its association with factors such as fuel, cooking and childcare habits, and housing structure. Such data are needed to develop models to predict exposure in large population-based studies and to plan interventions.
PM exposure is generally considered the best measure of the hazardous effects of biomass smoke. Measuring children's personal PM exposure is particularly difficult because current PM monitors are bulky and heavy, making it difficult for a small child to carry a monitor for many hours. Children's exposure to CO can be directly measured with small, passive, relatively inexpensive color stain tubes, and can be used as an indicator of PM (Naeher et al., 2001; Dionisio et al., 2008; McCracken et al., 2009; Northcross et al., 2010) . We report on a study that measured and modeled the exposure of children to CO, with emphasis on estimating ''usual exposure'' over a period of a few weeks, which may be relevant for effects on childhood pneumonia. We also examined the association of exposure with season (rainy or dry), and with household (e.g. fuel and location of cooking; insect coil and incense burning), childcare (e.g. frequency of carriage on mother's back), and demographic (e.g. child's age) factors.
Subjects and methods

Study Area and Study Population
Our study took place in The Gambia, in the greater Banjul area, and the Basse Health and Demographic Surveillance System area of the Upper River Division. The Gambia has a population of 1.4 million (2003 national census), about onehalf of which live in the greater Banjul area, including urban Banjul and less densely populated peri-urban settlements. The Basse region is located nearly 400 km east of Banjul and is predominantly rural.
Study Design
The study was approved by The Gambia Government-MRC Joint Ethics Committee (SCC/EC 1062) and was assessed as exempt by the Harvard School of Public Health Office of Human Research Administration.
Overview Ideally, children's usual exposure would be estimated using repeated measurements to account for daily variability. However, multiple measurements are costly and logistically difficult. We conducted multiple measurements of CO exposure in a subset of our study participants, with the remainder of study participants having one measurement. We used all measurements of CO exposure on the children together with data on predictors of CO exposure from a questionnaire in a statistical model to estimate usual exposure for all participants. We used the estimated usual exposure to examine associations with fuel, cooking location, and burning of insect coils and incense.
Study Participants Study participants were from an epidemiological study of pneumonia in young children. Children between 2 and 59 months of age with severe pneumonia or with non-severe pneumonia were recruited from health facilities after informed consent was obtained from their parents. Individually matched healthy controls were recruited from each case's neighborhood in a 1:1 ratio. The detailed methods for case finding, diagnosis criteria, and epidemiological analyses will be reported in a subsequent manuscript. The exposure analysis was blinded to the case vs control status of participants. At the time of this analysis, 1303 children had been enrolled and were eligible for exposure measurement.
Personal Exposure Measurement Measurements took place between July 2007 and January 2011, and were scheduled such that each case and their individually matched control were measured in the same week to the extent possible. A total of 1303 children were eligible for exposure measurement. Of these, a small number of children were excluded from the analysis for the following reasons: 28 (2%) because cooking fuel or location of cooking changed between recruitment and measurement and 37 (3%) because the child had migrated, the child was withdrawn from the study, or the child died before measurements were done.
Exposure measurement was done after the control was recruited, at least 1 week after the case was discharged from the clinic or hospital, and after the caregiver had confirmed that the child's activities were back to normal. This protocol was adopted to ensure that conditions affecting exposure were as similar as possible to conditions immediately before the disease episode. Before each measurement, the child's caregiver was asked whether the child's activity on that day was affected by any current or recent illness, and whether household activities during the coming week were expected to be different from usual, for example, due to celebration or travel. Measurement was postponed until the following week if the caregiver answered ''yes'' to either question (58 occasions). If a measurement was not successful, it was reattempted the following week. Fieldworkers also verified that children's activities were the same as usual every 24 h during the measurement period.
We conducted repeated measurements in a random subset of children to quantify within-child exposure variability. Repeated measurements were done over a period of 2-3 months to reflect the usual exposure that may be relevant for pneumonia. Specifically, randomly selected pairs of cases and controls were scheduled for a second CO measurement 2 weeks after the first measurement; third, fourth, and fifth measurements were spaced 3 weeks apart, from the date of the second measurement.
We conducted a total of 2707 field measurements on 1236 children. Each measurement period was 72 h, with CO levels checked and recorded at 24 h intervals for quality control. We used a 72 h measurement period to account for day-to-day variation in exposure, without reaching the upper limit of detection (LOD) of the tubes based on the results of our pilot study (Dionisio et al., 2008) . A total of 428 measurements were excluded for the following reasons: the child traveled after the measurement session began or could not be found at the end of the session; the CO tube was wet, discolored, broken, or lost; the child was sick and admitted to the clinic during the session; or the child was withdrawn from the study. For another 174 measurements, we used the reading at Exposure to CO from biomass fuels Dionisio et al. 48 h because one of the above problems occurred between 48 and 72 h. This resulted in 2263 measurements (84%) on 1181 children (96%) included in our statistical analysis.
CO Exposure Measurement
We measured integrated CO exposure over 72 h using a passive monitor, with CO color change levels checked and recorded at 24 h intervals. At each reading, the tube's color change was measured to the nearest millimeter using a metric ruler. We used Drager CO 50/a-D Diffusion Tubes (Drager Safety AG & Co. KGaA, Luebeck, Germany), with a detection range of 50-600 p.p.m.-h. Tubes were placed inside a rubber sleeve sealed with end caps to prevent breakage, protect the subjects, and protect the tube from direct sunlight. The tube's open end was placed over an opening in the lower cap, so that it was exposed to circulating air ( Figure 1a ). The rubber sleeve was placed inside a fabric cover and pinned to the back of the child's shirt, between the child's shoulders (Figure 1b) . Although it would have been desirable to pin the CO tube on the front of the shoulder to be closest to the child's breathing zone, this placement was deemed infeasible because it drew attention from the subject and other children, who would then play with the CO tube. Caregivers were asked to remove the tube while the child was bathing, and to hang the tube next to the child using a lanyard supplied by the fieldworkers while they were sleeping; they were instructed that the child should wear the tube at all other times.
Color change of the diffusion tubes was measured to the millimeter with metric rulers. We fitted a third-order polynomial to the millimeter measurements corresponding to preprinted p.p.m.-h markings on each of the three batches of CO tubes used in the study. We used the fitted relationship to estimate cumulative (p.p.m.-h) exposures from each of the field measurements, which were in turn converted to exposure concentrations through division by the duration of measurement (e.g., 72 h). The lower LOD for the tubes was 1 mm of measured color change over 48 or 72 h, equivalent to 0.10-0.13 p.p.m. over 72 h and 0.15-0.20 p.p.m. over 48 h, depending on the batch-specific calibration curve. All field workers were trained and tested on measurement of color change. Specifically, on 70 CO tubes, multiple fieldworkers independently measured the length of color change. Mean standard deviation of multiple measurements on tubes was 0.99 mm, equivalent to 0.10-0.20 p.p.m.
Mixed Effects Model for Usual CO Exposure
We applied a mixed effects model to the data on personal CO exposure. The mixed effects model uses data from children with more than one measurement to partition the total variance into within-child and between-child components (Laird and Ware, 1982) . The model includes a random intercept for each child, and fixed effects for covariates that may be associated with CO exposure (see Table 3 for complete list). By including a random intercept we estimate the standard errors of the fixed effects accounting for the variability in the repeated CO measurements.
The dependent variable was log transformed because the CO measurements had a log-normal distribution ( Figure 2a ). The complete model (denoted ''complete model'' hereafter) is represented by:
where y ij is the jth measured CO exposure for child i; b 0 is the overall intercept; a i is the random intercept for child i; e ij is random error; fuel is type of fuel used most for cooking in the home (purchased firewood, collected firewood, charcoal, other); season is the season in which the measurement was done (rainy, dry); study site is the region where the measurement was done (Banjul, Basse); and W, X, and Z are vectors of other PM sources in the home, household-level covariates, and individual-level covariates, respectively (see Table 3 for more detail). a i and e ij are modeled as independent and normally distributed, both having a mean of 0 and variances of s between-child 2 (s b 2 ) and s within-child 2 (s w 2 ), respectively. The intraclass correlation coefficient, r ¼ s b 2 /s b 2 þ s w 2 , measures the proportion of the total variance explained by betweenchild differences.
Covariate data were from a household questionnaire administered to each child's mother or primary caregiver by trained MRC fieldworkers (for the remainder of this paper, we use ''caregiver'' to indicate ''mother or other primary caregiver''). We imputed missing covariate values (see Table 1 for detailed information on missingness) using multiple imputation with Amelia II software version 1. We used principal components analysis (PCA) to calculate a socioeconomic status (SES) index for each child (Wagstaff, 2000; Filmer and Pritchett, 2001) . Variables included in the PCA were: whether or not mother earns any income herself, quantity of household assets (radios, iron beds, iron roofs, watches, bicycles, horse/donkey carts, televisions, and cars), and total number of animals owned by the family (cattle, sheep, goats, horses, and donkeys). The first principal component had relatively large coefficients for quantity of radios, iron beds, iron roofs, watches, bicycles, horse/donkey carts, cars, and total number of animals owned by the family. Thus, the first principal component represents SES of a household based on the quantity of possessions and animals owned by the household, and was used as the child's SES index in subsequent analysis (see Supplementary Table 1 for more detail).
The above model uses the observations from children with multiple measurements interchangeably. There may be a temporal relationship among the measurements, for example, because of temporally correlated determinants or time since illness. We used paired t-tests to examine whether measurement sequence affected exposure. Specifically, we tested for differences between the first and second measurements for all children with at least two CO measurements, between the first and third measurements and the second and third measurements for all children with at least three CO measurements, and so on. At the 95% confidence level, 1 of the 10 separate t-tests was statistically significant at p ¼ 0.05, providing evidence of a lack of systematic differences due to measurement sequence.
To evaluate how covariates explain exposure variability, we compared models with an increasing number of covariates to a model that only included the random intercept for child (the ''no-covariate'' model), specified as below.
In addition to the no-covariate and complete models, we used models that included fuel, season, and other PM sources (use of insect coils, burning of trash, and burning of incense; Table 2 ). 
Model Validation
To assess the goodness of fit (or prediction accuracy) of the linear mixed effects model, we dropped a random subset of observations to create the appearance of missing data. The remaining data were used to estimate the model, which was in turn used to predict the excluded exposures. Data were dropped from each quartile of measured CO exposures (10% of observations) to assess model performance in all exposure ranges. We repeated this 100 times, with each run dropping a different random subset of data. For each model run, we calculated the following statistics for the known but dropped exposures:
Mean square error (MSE) between predicted and measured exposure; Spearman's correlation coefficient between predicted and measured exposure. Table 3 for details. The first portion of the table provides summary statistics for the model's explanatory power and fit of data. The second portion summarizes the results of the model validation.
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Measurements Below LOD
In all, 12.2% of measured CO exposures were below the LOD of the Drager tubes. Although these measurements were not distinguishable from zero, the underlying (unobserved) exposure had a probability of being nonzero. We estimated the probability of a child having a CO measurement that was above or below the LOD based on all measurements. We used a logistic mixed effects model, including a random intercept for child and the same fixed effects as the complete mixed effects model. We also used the same logistic model to assess predictors of a child's exposure being in the top 75th percentile of measurements (exposure 41.3 p.p.m.), that is, predictors of being high risk. The linear exposure model was fitted using measured data above the LOD, and used to predict usual exposure for all children, with the estimate conditional on a child having had a measurement above the LOD. This estimate was then multiplied by the outcome of the logistic model for having a measurement above the LOD to calculate each child's expected exposure, accounting for the fact that each child had a probability of having an undetectable exposure.
We estimated the uncertainties in the predicted CO exposures to account for the uncertainty associated with both of the above models. The uncertainty from the linear mixed effects model was estimated using the posterior predictive distributions of CO exposures (Gelman and Hill, 2007) , represented by 500 draws from this distribution. We used these draws together with 500 draws from a Bernoulli distribution based on the probability of being above the LOD from the logistic model to calculate the overall uncertainty in the estimated CO exposure of individual children resulting from both models.
All analyses were conducted in R version 2.10.0.
Results and discussion
Study Population
The mean and median ages of children included in analysis at the time of their first exposure measurement were 19.7 and 17.6 months, respectively (range: 2.4-61.2 months). Of the 1181 children included in the statistical analysis, 671 had 1 completed CO measurement (completed measurement defined as the 72 h measurement or the 48 h measurement if the former was not available), 216 had 2 completed measurements, and 294 had Z3 completed measurements, leading to a total sample size of 2263. A total of 1088 (48%) of the measurements were in the rainy months (July-October) and the remainder during the dry months. In all, 80.0% of study households cooked in an enclosed cookhouse, which may be attached to or separate from the main house, during the dry season, with the proportion rising to 84.0% in the rainy season; the remainder cooked outdoors (Table 1) . More than 95% of households used biomass as their main fuel, with 85.5% using either collected or purchased firewood and 12.4% using charcoal (Table 1) . Fuel type changed little by season (Supplementary Table 2 ). Stoves were used for an average of 5.9 h per day (Table 1) . Wood is burned in an open three-stone fire, and charcoal in a metal stove. More than one half of households burned incense every day, 27.7% of households burned insect coils, and 17.7% burned trash in the compound (Table 1 ).
Children's CO Exposure
The mean of all 2263 measured CO exposures was 1.04 ± 1.46 p. Figure 3a ). Mean CO exposure in our study was lower than that of children in the highlands of Guatemala, where mean 48 h exposure was B2 p.p.m. (McCracken et al., 2009) . Possible explanations for the higher exposures in Guatemala are the highland location, where temperatures are cooler, possibly leading to differences in duration and location of cooking and housing characteristics. The two studies also used different brands of CO tubes. Using the PM-CO relationship in a pilot study (Dionisio et al., 2008) , CO exposure of 1 p.p.m. corresponds to a PM 2.5 exposure of 184 mg/m 3 , with each additional p.p.m. of CO exposure adding 64 mg/m 3 to PM 2.5 exposure. The measured exposures had a distinct seasonal pattern, and were higher during the rainy months of July through October (when mean exposure was 1.33±1.62 p.p.m.; Figure 3b ). The role of such exposure seasonality on that of pneumonia (Selwyn, 1990; Brewster and Greenwood, 1993) should be investigated. CO exposure may be higher during the rainy season due to longer stove use, more time spent near or inside the cookhouse, or differences in fuel, for example, wet vs dry fuel. Season of measurement was associated with higher exposure in the mixed effects model and was also an important predictor of having an exposure above the LOD. Measurements done in the rainy season had 10.2 (95% CI: 6.4, 16.2) times the odds of being above the LOD relative to those done in the dry season (Table 3) .
There was no apparent trend in CO exposure by age (data not shown). Cooking with charcoal or purchased firewood were both associated with higher child CO exposure (Table 3) . The specific finding on the effect of purchased vs collected firewood requires further investigation, although we note that main type of firewood used differed by study site; in Banjul 61% of households used purchased firewood, whereas in Basse 85% of study households used collected firewood. Purchased firewood may be smoldered to conserve fuel, potentially creating more CO. Using insect coils and burning Exposure to CO from biomass fuels Dionisio et al. incense increased the odds of an exposure greater than the LOD by 2.1 (95% CI: 1.2, 3.6) and 1.5 (1.0, 2.1), respectively; both factors were also associated with higher child CO exposure (Table 3 ). In the dry season, cooking outside had a nonsignificant association with lower exposure and having above LOD exposure. Surprisingly, a significant yet opposite association was seen in the rainy season (OR ¼ 2.8; 1.1, 7.3; Table 3 ).
The frequency of carriage on the mother's back during cooking was not associated with higher exposure or having exposure above the LOD. Previous studies (Armstrong and Campbell, 1991; de Francisco et al., 1993; O'Dempsey et al., 1996) had found an association between this variable and pneumonia, leading to the hypothesis of this childcare behavior being associated with higher exposure. Possible reasons for the differences between our result and previous studies include residual confounding in the previous study, CO being an inappropriate exposure metric for studying health effects, and that being carried on the mother's back exposes a child to high intensity peaks that may independently be relevant for health effects (Ezzati and Kammen 2001) . The role of childcare behavior in exposure, on average and for peak exposure, and its effects on disease risk requires further investigation. The most salient predictors of exposure being above the 75th percentile were similar to the predictors for being greater than the LOD (Supplementary Table 3 ). Season was associated with exposure being in the highest quartile, with an OR of 4.2 (95% CI: 3.1, 5.7) for measurements in the rainy season compared with the dry season. Insect coil burning was also a significant predictor of an exposure in the highest quartile. Children living in homes using purchased firewood or charcoal as the main fuel for cooking have a 2.0 (95% CI: 1.2, 3.2) or 3.8 (2.1, 7.1) times increased odds, respectively, of having a CO exposure above the 75th percentile relative to homes where collected firewood is used as the main cooking fuel (Supplementary Table 3 ). In addition to the above predictors, trash burning has an unexplained significant effect of lowering the odds of a high CO exposure (OR ¼ 0.5; 0.3, 0.7; Supplementary Table 3). Reasons for these results can be described by the same explanations given above.
Model Performance and Validation
Adding covariates to the model led to explaining a larger proportion of the between-child variance as compared with the no-covariate model (ranging from 18.8% for the fuel model to 45.7% for the complete model; Table 2 ). Correspondingly, with an increasing number of covariates, a smaller proportion of the total variance was explained by differences in between-child characteristics, seen in the decreasing intraclass correlation (r; Table 2 ). Of the additional 45.7% of between-child variance that is explained by the complete model as compared with the no-covariate model, 39.3% is due to the addition of season and other PM sources as covariates in the ''parsimonious'' model. Adding location of cooking and study site provided little additional explanatory power compared with the parsimonious model.
The MSE between the predicted and measured CO exposures decreases as covariates are successively added to the model, indicating an increase in predictive validity. Specifically, the MSE decreased by 14.9% for the fuel þ season model, 19.5% for the parsimonious model, and 20.2% for the complete model relative to that of the nocovariate model (Table 2) . There was also an increasing trend in the Spearman's correlation coefficient, as the models increased in complexity from the fuel model to the complete model, ranging from 0.264 to 0.464 (Table 2) . We note that both the MSE and the Spearman's correlation coefficient statistics underestimate the model performance, because of the error in measured exposures as an indicator of usual exposure.
Limitations
Similar to all field measurement studies, our work is affected by some limitations. The lack of equipment for measuring children's exposure in developing countries led us to use CO diffusion tubes, which have functional limitations and also require the measurement of color change by field workers. Although we conducted thorough training and testing of field workers, our data may be affected by a small amount of inter-reader variability. CO concentrations measured by Drager tubes depend on temperature, for example, concentrations should be multiplied by 1.1 when used at 30 1C. As we did not have access to reliable daily temperature data at each study site and did not adjust concentrations for temperature, our results should be considered slightly conservative. Data on regression model covariates were from questionnaires, and hence may be subject to uncertainty despite extensive training of field workers. This would lead to prediction outcomes with greater uncertainty than if covariates were measured without error. Lastly, although the authors collected 41 CO exposure measurement on 57% of the study subjects, it would have been desirable to collect 3-4 exposure measurements on every child in the study to better explain the within-child variability, which accounts for a large proportion of overall variation in exposure measurements. Adjusted for household-level covariates (number of people living in the family compound, number of people eating from the same pot as the child, number of people living in the child's house, number of wives the father has, number of mother's children who are alive (excluding study subject)); individual-level covariates (time spent near fire (calculated as described in Supplementary Text), mother's age (years), mother's ethnicity, father's ethnicity, mother's occupation, and father's occupation). Exposure to CO from biomass fuels Dionisio et al.
